Dioscin has been shown to promote anticancer activity against several forms of cancers. However, its detailed molecular mechanisms have not been clarified. In this study, we demonstrate that dioscin induces apoptosis in cancer cells through the induction of oxidative stress. Treatment with cancer cells in vitro with dioscin resulted in rapid generation of reactive oxygen species (ROS) and the induction of mitochondrial pathway apoptosis in human esophageal cancer cell line Kyse510. Inhibition of oxidative stress by the antioxidant N-acetylcysteine blocked the induction of apoptosis by dioscin, indicating that ROS generation is the primary mechanism responsible for the proapoptotic activity of dioscin. Proteomic analysis and protein gel blotting further revealed peroxiredoxins 1 and 6 (PRDX 1 and 6), which are implicated in ROS metabolism and apoptosis, were associated with the anticancer effects of dioscin. Meanwhile, overexpression of PRDX 1 and 6 significantly blocked the elevated ROS and apoptosis induced by dioscin. In conclusion, we suggest that PRDX1 and PRDX6 are key targets in the process of dioscin-induced apoptosis that involves intracellular elevated ROS.
Introduction
Dioscin, a glucoside saponin isolated from the roots of Dioscorea panthaica (Fig. 1A) , has been shown to possess various biological activities including anti-inflammation, hepatoprotection, as well as its anti-proliferative effects against a number of human cancer cells. 1, 2 Recent studies further indicate that dioscin induced apoptosis in human leukemia cell line HL-60 through an intrinsic mitochondrial dependent pathway. Moreover, it has been demonstrated that elevated reactive oxygen species (ROS) levels might be the main reason for triggering the apoptotic cascades by dioscin. 3 Despite these insights, the biochemical targets of dioscin in cancer cells have not been fully clarified, and the mechanisms underlying the anticancer properties remain poorly understood.
ROS are a group of reactive, short-lived, oxygen-containing species including superoxide (O 2 -), hydrogen peroxide (H 2 O 2 ), Hydroxyl radical (OH), singlet oxygen ( ) and lipid peroxyl radical (LOO). 4 A number of studies have indicated ROS might be a common mediator for apoptosis. Evidence in favor of such a role includes the findings that (1) elevated ROS can be detected in many forms of apoptosis, (2) antioxidants prevent most forms of apoptosis whether or not they appear to be initiated by ROS, and (3) mitochondrion, a major source of ROS, appear to be critical for apoptosis occurrence. [5] [6] [7] [8] Intracellular ROS are derived from two main sources: the mitochondrial oxidative phosphorylation respiration chain and other cytosolic organelles, such as endoplasmic reticulum, etc. 9 Under normal circumstances, cells are able to defend themselves against ROS damage with enzymes such as superoxide dismutase, catalases, lactoperoxidases, glutathione peroxidases and peroxiredoxins. 10 Once the redox balance state kept by these enzymes is destroyed, the elevated ROS will bring great damage on DNA synthesis, protein folding and other normal metabolic processes such as mitochondrial respiration function.
In order to further elucidate the detailed mechanisms accounting for the dioscin-induced apoptosis, we used a proteomic analysis to identify proteins potentially involved in anticancer mechanisms of dioscin in the human esophageal cancer cell line Kyse510. By using this approach, we detected two proteins, namely, peroxiredoxin 1 and 6 (PRDX1 and PRDX6), which were previously implicated in ROS metabolism and apoptosis. Protein gel blotting analysis further confirmed the expression of these proteins in Kyse510 cells after dioscin administration. In summary, we suggest that the apoptosis-induced effect of dioscin is mediated by PRDX1 and PRDX6 through mechanisms involving alterations in ROS metabolisms.
Results
Effects of dioscin on the proliferation and cell cycle in Kyse510 cells. To determine the anti-proliferation activity of dioscin upon © 2012 Landes Bioscience.
Do not distribute.
Kyse510 cells, we first performed an MTT assay. As shown in Figure 1B , time-and dose-dependent cytotoxic effects for dioscin on Kyse510 cells were demonstrated. The half maximal inhibitory concentration (IC 50) of 24 h was approximately 5.4 mM. In order to determine whether the cytotoxicity effect was attributed to the proliferation inhibition caused by dioscin, we performed the BrdU experiment; the results showed that cell proliferation was significantly suppressed by dioscin in a time-dependent manner when treated with the IC 50 concentration (Fig. 1C) . Cell cycle analysis also indicated that G 1 /S arrest was induced after dioscin administration, presenting as an increased G 0 /G 1 population and a decreased S phase population ( Fig. 1D and E) . The results indicated that the proliferation inhibition effects of dioscin might be partly caused by cell cycle arrest. In addition, the appearance of sub-G 1 peak after dioscin treatment suggested that apoptosis might be also an important mechanism involved in the proliferation inhibition effects.
Dioscin induces apoptosis mediated by elevated ROS level. The effect of dioscin on apoptosis was further validated by flow cytometric analysis using Annexin V-PI staining. Results in Figure 2A showed that after dioscin treatment for 48 h, the apoptosis ratio dramatically increased from 4.68 ± 0.79 to 58.69 ± 4.3%. Meanwhile, DAPI staining also revealed typical apoptotic morphological following dioscin treatment, such as chromatin condensation and membrane blebbing (Fig. 2B) . Dioscin-induced apoptosis was also confirmed by protein gel blotting analysis. It was found that the expression of cleaved caspase-9 rather than caspase-8 was upregulated, indicating that the apoptosis induced by dioscin was in a mitochondrial dependent manner. In addition, increased expression of cytosolic Cytochrome C, BAX and downregulation of Bcl-2 further demonstrated that the mitochondrial apoptotic pathway was activated (Fig. 2C) . JC-1 staining also showed that the mitochondrial membrane potential Dym was lowered after dioscin administration (Fig. 2D ). These observations together demonstrated that dioscin induced apoptosis in Kyse510 cells. As ROS has been reported to be an important inducer of mitochondrialmediated apoptosis and DNA damage, DCFH-DA was applied to detect the change of intracellular ROS levels after dioscin administration. As shown in Figure 3A , the fluorescence intensity of ROS, presenting as green fluorescence, was highly elevated by dioscin. In order to validate the role of ROS in inducing apoptosis triggered by dioscin, the antioxidant N-acetylcysteine (NAC) was administrated together with dioscin. The results showed that with the increasing concentration of NAC, the apoptosis ratio induced by dioscin gradually decreased (Fig. 3B) .The above results suggested that interruption of intracellular oxidative balance might play an important role in mediating dioscin-induced apoptosis. In addition, it was found that the intracellular ROS accumulation occurred as early as 2 h after dioscin administration (Fig. 3C) . However, the release of Cytochrome C from mitochondrion was only significantly detected at 8 h following dioscin treatment, suggesting that ROS generation was an early event, prior to the occurrence of the mitochondrial pathway apoptosis (Fig. 3D) . In summary, these findings show that the dioscin-induced apoptosis is followed the accumulation of ROS in cells, confirming the crucial role of oxidative stress in dioscin-induced apoptosis.
Comparsion of protein expression profiles between control and dioscin-treated Kyse510 cells 4Digure-5ts by protein gel blotting. In order to determine key proteins that responsible for triggering dioscin-induced apoptosis and elevated oxidative stress, whole-cell extracts of Kyse510 cells before and after treatment with dioscin for 24 h were separated by 2-DE. The representative images of protein extracts from control and dioscin-treated cells were depicted in Figure 4A . Simultaneous image comparisons between control and dioscin treated cells revealed differential expression of about 400 protein spots, with molecular masses ranging from 10-200 Kda. Thirty-nine protein spots showed more than 2-fold changes in density. Thirteen of these were subsequently selected for protein identification on the basis of consistency occurring changes in optical density in Coomassie brilliant blue-stained 2-DE gels. Detailed alteration patterns of the 13 proteins were described in Figure 4B .
Among these spots, 12 proteins were downregulated, while 1 protein was upregulated following dioscin treatment. These spots were identified using MALDI-TOF MS followed by NCBI database searches. Proteins were then classified according to their roles in the following functions: glycolysis, protein synthesis and folding, cell motility, signal transduction and antioxidant (Fig. 4B) .
PRDX1 and PRDX6 are key targets in dioscin-induced elevated ROS and apoptosis. Based on the results that dioscin destroyed the balance of intracellular oxidative defense system and induced mitochondrial pathway apoptosis, it was suggested that antioxidation enzymes might be suppressed by dioscin. Combining the results of 2-DE, we identified PRDX1 and PRDX6, which are implicated in ROS metabolism and apoptosis, for further investigation. Protein gel blotting results confirmed that with increased administration time, both protein expression were downregulated (Fig. 5A) . These findings were consistent with the results of 2-DE proteomic analysis. To assess the crucial role of PRDXs in mediating elevated ROS and apoptosis induced by dioscin, both PRDX1 and PRDX6 were cloned and stably cotransfected into Kyse510 cells, and empty vector was used as a control (Fig. 5B) . Colony formation assay was applied to determine whether PRDXs overexpression could block the inhibitory effects of dioscin on colonogenic ability of cancer cells. As shown in Figure 5C , in the empty vector control cells, dioscin dosedependently inhibited the colony formation. However, in PRDXs overexpression cells, the colony-number of dioscin in treated samples were significantly more than that in the vector control group, indicating that PRDX1 and PRDX6 play an important role in keeping long-term survial of cancer cells after dioscin administration. Meanwhile, overexpression of PRDXs significantly blocked the elevated ROS levels and apoptosis induced by dioscin (Fig. 5D) , suggesting the central importance of PRDXs in the mechanism of action of dioscin and implying that PRDX1 and PRDX6 might be the key targets of dioscin in inducing cancer cell apoptosis that involves oxidative stress.
Discussion
Natural plants are important sources to develop novel chemotherapeutic agents. 12 Dioscin is one of the best known saponins that exists in Dioscorea panthaica, a famous Chinese herb. Dioscin has been shown to exhibit potent cytotoxicity toward a number of human cancer cell lines. However, the detailed mechanisms of dioscin-induced cell death are still unclear. Apoptosis is a tightly controlled multistep process to eliminate unwanted cells in various biological systems, and is one of the key mechanisms for development of chemotherapeutic drugs. 13 In the present study, we showed that dioscin administration resulted in a significant increase of cell population in the Annexin V positive and PI negative region. In addition, DAPI staining revealed typical apoptotic morphological changes presenting as plasma membrane blebbing, cell shrinkage, nucleus condensation and chromatin fragmentation. All these results suggest that apoptosis is the main anticancer mechanism of dioscin.
Apoptosis can be triggered through either extrinsic pathway or intrinsic pathway. The extrinsic pathway, also referred to as cytoplasm pathway, is initiated with ligation of Fas death receptor. The activation of these receptors will recruit an adaptor protein known as Fas-associated death domain protein (FADD) and caspase-8 to form the death-inducing signal complex (DISC). Caspase-3 is then activated and initiate degradation of the cell. 14, 15 The intrinsic pathway, also known as mitochondrial pathway, is triggered by cellular stress, specifically mitochondrial stress caused by factors such as DNA damage and heat shock. In response to apoptotic stimuli, proapoptotic proteins will undergo posttranslational modifications that include dephosphorylation and cleavage resulting in their activation and translocation to the mitochondrion. [16] [17] [18] Once the balance between the pro-and antiapoptotic factors is destroyed, the mitochondrial membrane potential will be lowered, resulting in the release of cytochrome-c, which subsequently activates caspase-9 and caspase-3 and leads to apoptosis. Our results showed that dioscin treatment resulted in a significant decrease in mitochondrial membrane potential. Meanwhile, the upregulation of BAX, Cytosolic Cytochrome C, cleaved caspase-3/9, and downregulation of the anti-apoptotic protein Bcl-2 also indicated that dioscin triggered apoptosis mainly through the mitochondrial dependent pathway.
Numerous studies have proposed ROS as common mediators for apoptosis. Many agents that induce apoptosis are either Conversely, many inhibitors of apoptosis have antioxidant activities or enhance cellular antioxidant defenses. [19] [20] [21] Our results showed that oxidative stress induction by dioscin is very rapid and precedes the earliest events associated with apoptosis. Meanwhile, antioxidant NAC administration completely blocked dioscininduced ROS generation and apoptosis, suggesting that oxidative stress is required for triggering apoptosis by dioscin. ROS generation in cells is controlled by multiple enzymes such as SODs and GSH, etc. To better understand molecular mechanisms related to elevated ROS level induced by dioscin, 2-DE proteomic analysis was performed. Thirteen spots that show dramatic changes between dioscin-treated and control cells were selected for the experiment. Interestingly, several proteins including PRDX1 and PRDX6 are regarded as ROSand apoptosis-related proteins. The results of 2-DE proteomic analysis were also validated by protein gel blotting procedures.
Previous studies suggested that cancer cells, due to their high metabolic activity, produce higher levels of ROS than normal cells and use ROS signals to stimulate both proliferation and progression. 22, 23 This reliance on high ROS levels renders cancer cells vulnerable to further increase in oxidative stress that force the cell beyond a threshold resulting in apoptosis. Thus, agents that either increase ROS generation or decrease the expression of antioxidant enzymes have the potentiality to target cancer cells with little or no effect on normal cells. PRDX are a ubiquitous super family of thiol-antioxidant enzymes associated with cell proliferation, differentiation, and apoptosis. 24, 25 PRDX can be classified into either 1-cys or 2-cys PRDX, depending on whether the protein contains one or two conserved active-site cysteine residues. To date, six PRDX family members have been identified. PRDX 1-5 belong to the 2-cys PRDX, which uses thioredoxin as an electron donor. 26 The only 1-cys PRDX is PRDX6, a bifunctional protein with glutathione peroxidase and phospholipase A 2 (PLA 2 ) activities. 27 Both PRDX1 and PRDX6 have been found to be elevated in several human cancer cells and tissues, and to influence diverse cellular processes including cell survival, proliferation, oxidative stress and apoptosis. [28] [29] [30] [31] [32] [33] In this study, we demonstrated decreased expression of both PRDX1 and PRDX6 in Kyse510 cells following treatments with increasing time of dioscin. Meanwhile, overexpression of PRDX1 and PRDX6 significantly blocked the ROS burst, apoptosis and colonogenic inhibitory effects induced by dioscin in cancer cells, showing that PRDXs might play a crucial role in mediating the apoptosis-induction effects of dioscin. However, further research is still needed to clarify how dioscin inhibits PRDXs expression in cancer cells.
In conclusion, although some studies have reported anticancer activities of dioscin, we suggest that ROS production is an important event in dioscin-mediated apoptosis in Kyse510 cells. Meanwhile, the pro-oxidant activities of dioscin might be correlated with downregulation of PRDX1 and PRDX6. Our findings that dioscin is an inducer of ROS highlight its potential application as novel agent in clinical cancer treatment.
Materials and Methods
Cell culture. Human esophageal cell line KYSE510 was cultured in RPMI-1640 medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin, in a humified incubator with an atmosphere of 5% CO 2 at 37°C. When the cells reached approximately 80% confluency, they were harvested and plated for either passages or drug treatments. Dioscin was purchased from Aktin Chemicals, Inc. with a HPLC purity $ 98%. A stock solution of dioscin (100 mM) was prepared in DMSO and stored at -20°C.
Cell proliferation assay. Cells were seeded in 96-well flatbottom plates at a density of 5 ¾ 10 3 cells/well. After 24 h, dioscin was at a final concentration of 0.5, 1, 2.5, 5, 10, 15 and 20 mM was added and incubated for 12, 24 and 48 h at 5% CO 2 , 37°C. Then the suspension was discarded and cells were incubated with MTT (5 mg/ml) for 4 h. The resulting formazan precipitate was dissolved with 150 ml DMSO and the absorption was measured at 540 nm on a micro platereader. For proliferation analysis, the BrdU labeling solution was added and the cells were incubated further for 12 h. After the incubation, the effect of dioscin on the proliferation of cancer cells was determined by the extent of BrdU incorporation using the protocol supplied by the manufacturer (Roche Diagnostics). In brief, after the incubation of cells with the BrdU labeling solution, the medium was aspirated and the cells were fixed and incubated with anti-BrdU antibody. After washing, the cells were incubated with secondary antibody conjugated with horse radish peroxidase. Finally, the extent of BrdU incorporation was determined colorimetrically at 450 nm. Triplicate independent experiments were conducted.
Cell cycle analysis. Cells were seeded in 6-well plates and incubated with IC 50 concentration of dioscin for 12, 24 and 48 h. Cells were trypsinized, harvested and fixed in 70% ice cold ethanol at 4°C overnight. Afterwards, cells were washed three times and resuspended in 500 ml PBS containing 100 mg/ml RNase A, 50 mg/ml propidium iodide (PI) and 1% Triton X-100, followed by incubation in dark for 30 min at 37°C. Cell cycle distribution was analyzed by a FACStar Plus flow cytometer.
Flow cytometric analysis of apoptosis and DAPI staining. Dioscin-induced apoptosis was determined by Annexin V-PI staining kit (Clontech) according to the manufacturer's instructions. Briefly, 3 ¾ 10 5 Kyse510 cells were seeded in 6-well plates before dioscin administration for 12, 24 and 48 h. Then cells were harvested, resuspended in ice-cold PBS solution and stained by Annexin V and PI for 15 min protected from light at room temperature. Ten thousand cells were analyzed for each sample with a FACStar Plus flow cytometer. The percentage of apoptotic cells in each treatment were analyzed using Flowjo software. For DAPI staining, after dioscin treatment, cells were washed three times with PBS and fixed in 4% paraformaldehyde for 10 min. Then cells were rinsed with PBS for three times and stained with DAPI. Stained cell samples were observed under fluorescence microscope.
Measurement of mitochondrial membrane potential (Dym). Mitochondrial membrane potential was assessed with the fluorescent probe JC-1 (Molecular Probes). Cancer cells were seeded on 6-well plates at a density of 1 ¾ 10 5 /well. After dioscin treatment for 24 h, Kyse510 cells were stained with 25 mM JC-1 at 37°C for 30 min. Fluorescent images were visualized by a fluorescent microscope (Carl Zeiss). Acquired signals were analyzed with image J software. A minimum of six fields were selected and average intensity for each region was quantified. The ratio of J-aggregate to J-monomer intensity for each region was normalized to untreated cells and calculated.
Detection of oxidative stress. 2'7'-dichlorofluorescein diacetate (DCFH-DA, Sigma) was used to measure ROS formation. After exposure to different concentrations of dioscin for 12, 24 and 48 h, cancer cells were incubated in DCFH-DA containing medium (final concentration: 10 mM) at 37°C for 20 min. Cells were washed with PBS three times to remove DCFH-DA that did not entered cells. The fluorescence was visualized immediately at wavelengths of 485 nm for excitation and 530 nm for emission by inverted fluorescence microscope. Total green fluorescence intensities of each well were quantified using image-analysis software.
2-DE. 2-DE was performed with 18 cm IPG strips (pH 3-10, GE healthcare), in accordance with a previously described protocol. 11 Protein samples (250 ug) extracted from untreated and control and 5.4 uM dioscin treatment were used for 2-DE analysis. Triplicate electrophoresis was performed to ensure reproducibility. All gels were visualized by silver staining. Image acquisition and analysis were performed with Imagemaster software (GE Healthcare). Comparisons were made between gel images of cells treated with dioscin and untreated controls. Altered protein spots with consistent and significant volume changes (. 2-fold differences) were selected for MALDI-TOF-MS spectrometer (Applied Biosystems) with delayed extraction and reflection. The resulting data were identified by searching NCBI database. Triplicate runs were made to ensure the accuracy of the analysis.
Protein gel blot analysis. Quantified protein lysates (15 mg) were resolved on SDS-PAGE gel, transferred onto PVDF membrane (Millipore), and immunoblotted with antibodies for caspase-3, caspase-8, caspase-9, Cytochrome C, Bcl-2, BAX, PRDX1, PRDX6 and tubulin (Cell Signaling). Triplicate independent experiment was repeated.
Vector construction and transfection. The full-length cDNA of PRDX1 and PRDX6 were amplified and subcloned into the pcDNA3.1 (+) vector (invitogen) respectively. After PCR and DNA sequencing validation, the positive plasmids were cotransfected in to Kyse510 cells using Lipofectamine 2000 as described by the manufacturer (Life Technologies) and empty vector was used as a control. After 48 h of co-inucbation, transfected cells were selected in primary cell culture medium containing 400 mg/ml G418. After 2-3 weeks, single independent clones were randomly isolated, and each individual clone was plated separately. After clonal expansion, cells from each independent clone were tested for PRDX1 and PRDX6 expression by protein gel blotting.
Colony formation assay. To determine long-term effects of dioscin, normal and PRDXs overexpression Kyse510 cells were seeded on a 6-well plates at a density of 300 cells per well. Cells were treated with vehicle or dioscin for 4 h. After being rinsed with fresh medium, cells were allowed to grow for 10 d to form colonies, which were then fixed with 4% paraformaldehyde for 30 min and stained by coommasie blue. Triplicate independent experiment was repeated.
Statistical analysis. Statistical analysis was performed using two-tailed Students t-test and p , 0.05 was considered significant. Data were expressed as mean ± SD in triplicate, and reproducibility was confirmed in three separate experiments.
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